Pathogen spillover from managed bees is increasingly considered as a possible cause of pollinator decline. Though spillover has been frequently documented, evidence of the pathogen's virulence in the new host or mechanism of transmission is rare. Stingless bees (Apocrita: Meliponini) are crucial pollinators pan-tropically and overlap with managed honeybees (Apis mellifera) in much of their range. Nosema ceranae is the most prevalent disease of adult A. mellifera. We used laboratory experiments and field surveys to investigate the susceptibility of stingless bees (Tetragonula hockingsi) to N. ceranae, infection prevalence and transmissibility via flowers. We found that 67% of T. hockingsi fed sucrose with N. ceranae had detectable spores in their ventriculus, and they died at 2.96 times the rate of sucroseonly fed bees. Five of six field hives harboured bees with N. ceranae present at least once during our five-month survey, with prevalence up to 20%. In our floral transmission experiment, 67% of inflorescences exposed to infected A. mellifera yielded N. ceranae spores, and all resulted in T. hockingsi with N. ceranae spores in their guts. We conclude that N. ceranae is virulent in T. hockingsi under laboratory conditions, is common in the local T. hockingsi population and is transmissible via flowers.
Background
Species distributions are changing rapidly due to habitat loss, climate change and anthropogenic species introductions leading to novel combinations of interacting species that share no evolutionary history. Species that are introduced to novel habitats may bring with them their pathogens and parasites, and thereby provide an opportunity for these natural enemies to spill over to novel hosts [1] . For example, squirrel pox virus and crayfish plague were both introduced into Europe with their invasive squirrel and crayfish hosts, respectively, and spilled over into native counterparts, resulting in substantial population declines of the native species [2, 3] . Organisms that host an array of parasites and pathogens and are frequently relocated by humans would be likely to have the greatest opportunity to be vectors of pathogens for spillover.
Pathogen spillover represents an opportunity to gain insights into pathogenhost coevolution and disease dynamics, which are broadly relevant to conservation and human health. Novel hosts will not have had the opportunity to develop specific defences against new pathogens and may be particularly susceptible. For example, human immunodeficiency virus and severe acute respiratory syndrome jumped from chimpanzees and bats, respectively, to humans, and have resulted in millions of deaths [4] . Likewise, rabies jumped from domestic dogs to African wild dogs and Ethiopian wolves, further reducing the populations of these already endangered species [5] . Pathogens that are highly virulent to their novel hosts may decrease their opportunity for transmission [6] . However, the presence of multiple suitable hosts in the community and mechanisms for transmission may increase spread even when virulence is high [5] .
The European or western honeybee (Apis mellifera) (Apoidea: Apini) is globally widespread and hosts a range of pathogens, making it an ideal possible source of pathogen spillover [7, 8] . Whereas some diseases of A. mellifera are host species-specific, most are able to infect different Apoidea species [8] [9] [10] .
Eusocial bees are particularly vulnerable to diseases because of close social contact, high densities within their colonies and high relatedness among individuals within the colony [11, 12] . Due to its reputation as an important pollinator, A. mellifera is now present in every region worldwide except Antarctica [13] . Many of its diseases have followed. The spillover of honeybee parasites and pathogens to wild bee populations has been reported in many places, including Argentina, Brazil, Europe, Japan and North America [14] [15] [16] [17] [18] . However, we know little about the effect of these pathogens on wild bees [8, 19] .
Flowers are an obvious site for possible pathogen transfer among bees [14, [20] [21] [22] . They are frequently visited by multiple bee species, and their morphology has evolved to engender contact, thereby providing opportunity for vectoring among flowers and bee species. Flower visitors that are not susceptible to the disease may still act as vectors by transferring diseasecausing agents from one flower to another [22] . However, flowers can be a hostile environment for pathogens that are adapted to internal environments of animals [20] . Pathogens that can persist in harsh conditions in a resting state or as spores may, therefore, be at an advantage [20] .
Nosema ceranae is a spore-forming microsporidian that has been experimentally shown to be transferable from A. mellifera and Bombus terrestris via flowers [22] . Its congeners, N. apis and N. bombi, have long been known to infect Apis spp. and Bombus spp. with adverse consequences for their hosts [23, 24] . Ingested N. ceranae spores germinate in the bee midgut, penetrate host cells and produce additional spores within 48-96 h that either infect adjacent cells or are passed in the faeces [25] . Viable spores may then be consumed during cleaning or grooming, and some are left behind on the flower after an infected bee visits [21, 22] . In addition to its spore-forming, other characteristics of N. ceranae increase the likelihood of it spilling over to wild bee species and having detrimental effects. It has already demonstrated the ability to switch hosts. Nosema ceranae is thought to have originated in A. cerana, where it was first described in 1996 [26] . By 2005, it was detected in A. mellifera, and within 10 years it had also been detected in multiple Bombus species [27, 28] . Nosemosis has become the most prevalent disease of adult honeybees globally [29] . Individual A. mellifera infected with N. ceranae have decreased longevity, changed foraging habits, and are less willing to share food with other individuals of their colony [26, [29] [30] [31] . Thus, N. ceranae is an excellent model pathogen in which to investigate effects on, and transmission to, other bees.
Stingless bees (Apoidea: Meliponini) encompass over 500 species, are crucial generalist pollinators in tropical and subtropical regions, and, like A. mellifera, live in dense colonies of closely related individuals [32, 33] . Despite the similarities to honeybees, it is generally believed that stingless bees have low levels of disease, possibly because they line their hives with propolis, a mixture of plant resins and bee secretions that has antifungal properties [32] [33] [34] . However, compared with honeybees, our knowledge of stingless bee diseases is limited to a few published studies [33, 34] . Reports of a decrease in the stingless bee population in Brazil led researchers to the discovery of acute bee paralysis, a disease of A. mellifera. However, further research is required to ascertain whether the infection is pathogenic to those bees [16] . Other surveys have detected pathogens including deformed wing virus, black queen cell virus and N. ceranae in stingless bees [15, 16, 35] . However, these studies stopped short of demonstrating that these disease agents have any effect on stingless bees. Conversely, a recent study noted an absence of protozoan and microsporidian pathogens in six stingless bee species in southern Brazil, a surprising result considering the prevalence of these pathogens within Apoidea generally [9, 36, 37] .
We conducted this study to investigate (1) the susceptibility of an Australian stingless bee species to infection by N. ceranae and the consequences of infection in terms of host survival, (2) whether wild populations of stingless bees are currently infected with N. ceranae and (3) whether N. ceranae can be transmitted from A. mellifera to stingless bees via flowers. We used Tetragonula hockingsi Cockerell, 1929 as our experimental stingless bee species because it has many typical stingless bee characteristics: it is active year round, nests in a variety of places and constantly builds new brood cells, rather than reusing them [32, 33] . Additionally, T. hockingsi occurs in a variety of tropical and sub-tropical habitats, is locally widespread and is in a widely dispersed genus. Along with other native stingless bees, it is an important pollinator of crops such as macadamia, avocado, mango and lychee [33] .
Methods (a) Susceptibility to infection and effects on longevity (i) Inoculum preparation
We obtained and purified the N. ceranae spores for the inoculum as per Ferguson et al. [38] . We used PCR to confirm that spores were N. ceranae and not N. apis, which has spores very similar in appearance [39] (see 'PCR' under 'Spore counting and identification' below). We diluted the solution with 50% w : v sucrose to obtain spore concentrations specified below.
(ii) Tetragonula hockingsi inoculation We collected T. hockingsi from six hives located at different sites (electronic supplementary material, table S1). We captured 120 returning forager bees from each hive directly into plastic bags. We then randomly assigned groups of 15 bees to one of eight cages (rectangular 500 ml polypropylene containers) per hive. We randomly assigned four cages from each hive to the inoculated group with the remaining four assigned to the non-inoculated (control) group.
Cages were maintained in a dark incubator at 27°C and 40% relative humidity throughout the experiment. Since there are no standard methods for infecting stingless bees, we adapted the method of Fries et al. [39] , who recommend mass-infecting 100 A. mellifera by providing 4 ml of a 50% sucrose solution with 1 × 10 6 spores and fresh additional solution over several hours. We considered the smaller body size of T. hockingsi (approx. 1/15th the size of an A. mellifera) and reduced amount and the concentration provided. Each N. ceranae-inoculated group received 15 µl of a 50% w : v sucrose solution containing approximately 7.5 × 10 3 N. ceranae spores, which was provided on the cage floor hourly for 5 h as six 0.5 µl drops. Cages in the sham-inoculated group received 15 µl of a 50% w : v sucrose solution without spores by the same method. We switched both groups to 25% sucrose solution ad libitum thereafter. Bees did not have access to pollen or propolis. We removed dead bees daily and counted their spores and ran PCR to confirm spore species (see Spore counting and identification). We rotated all the cages within the incubator on a daily basis, ensuring that any desiccation by fans and heating elements would affect all cages equally. In total, we caught 720 T. hockingsi for our experiment, of which six escaped during feeding. All the escaped T. hockingsi were from different cages, leaving 357 bees in both N. ceranae-inoculated and royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191071
sham-inoculated groups. We continued the experiment until all bees were dead.
(b) Prevalence of Nosema ceranae spores in wild populations of Tetragonula hockingsi
We investigated the prevalence of N. ceranae in T. hockingsi in the field by monthly surveys of six T. hockingsi hives from April to August 2016. The hives were located across a diverse range of habitats in the study area (Queensland, Australia). With the exception of one hive (which had been removed), these were the same hives used in the first experiment (electronic supplementary material, table S1). We collected 15 returning foragers from each colony and examined them for N. ceranae spores (see 'Spore counting and identification' below). April-May samples were tested by grouping the 15 individual bees collected from a colony together, yielding a total spore count for the hive. Bees collected from June to August were tested individually, thus yielding individual and group spore counts, plus the number of infected individual bees.
(c) Transmission of Nosema ceranae via flowers (i) Apis mellifera inoculation
We fed newly eclosed A. mellifera from a single hive 1.5 ml of inoculum containing 3 × 10 6 N. ceranae spores in 50% sucrose solution. After 3 h, we provided them with 50% sucrose solution ad libitum and maintained them in an incubator until they were 14 days old, the age at which bees from this hive had been observed to begin foraging in a pilot study.
(ii) Nosema ceranae transmission via flowers
We placed five of the 14-day-old N. ceranae-infected A. mellifera into each of 15 cages containing a single Sphagneticola trilobata (Singapore daisy) inflorescence. The inflorescence had been picked as a closed bud the previous day and placed into an insect-proof cage to open, thus preventing any contamination of the inflorescence prior to opening. The five bees were allowed to forage for 3 h [21] , after which they were removed, euthanized and tested for spore presence (see 'Spore counting and identification' below). The inflorescence was then removed and placed into a new cage, thus removing the cage as a possible source of transmission. Meanwhile, we collected 150 T. hockingsi foragers from a colony found to be free of N. ceranae during the survey (KOA1; see 'Results'). We randomly assigned half of these, in groups of five, to the 15 cages containing an inflorescence previously exposed to the infected A. mellifera, and the other half, in groups of five, to 15 identical cages containing an inflorescence that had not been exposed to infected A. mellifera. All T. hockingsi were left in the cages for 3 h during which they foraged on the inflorescences. Afterwards they were transferred to an incubator and fed 25% sucrose solution ad libitum. Eight days post-exposure, we euthanized all T. hockingsi and tested for N. ceranae spore presence. All inflorescences were also tested for N. ceranae spore presence (see 'Spore counting and identification').
(d) Spore counting and identification
For each of the three parts of the study (susceptibility experiment, field survey and transmission experiment), we determined stingless bee spore load using microscopy and confirmed N. ceranae identification for all positive samples with PCR. For the floral transmission experiment, we did spore counts and PCR for all inflorescence samples. Spore counting and PCR were conducted blind to treatment.
(i) Spore counts for stingless bees and inflorescences
For individual stingless bees (all bees except those collected in April and May in the field survey), we washed each bee in distilled water to remove any external spores and removed the intestinal tract including the crop from the abdomen taking care not to contact the external parts of the bee. We placed the intestinal tract into a 0.5 ml microtube containing a 2 mm steel ball and 20 µl of distilled water. We vortexed the microtube for 90 s at 3300 r.p.m. and then pipetted 5 µl of the solution under each side of a Neubauer improved haemocytometer. For bees collected in April and May in the field survey, we conducted the above steps on the group of 15 bees. We counted the spores at 400× magnification using the method described by Cantwell [40] . The remaining solution was used to confirm spore species identity with PCR. We extracted material from each inflorescence following the procedure outlined in Graystock et al. [22] (see electronic supplemental material, 'Methods: inflorescence processing for spore counts and PCR'). We conducted spore counts and PCR on the resulting supernatant as described for bees to yield a spore count for each entire inflorescence.
(
ii) PCR
We conducted PCR to confirm that spores were N. ceranae for inocula in the susceptibility and transmission experiments, all inflorescences in the transmission experiment and for all stingless bee samples from all three parts of the study in which spores were observed. We performed DNA extraction and PCR as described by Peng et al. [41] and modified by Ferguson et al. [38] (see electronic supplementary material, 'Methods: PCR'). To minimize the possibility of contamination, DNA extraction, PCR mixture preparation and post-PCR analysis were performed in separate rooms using equipment designated for each area.
(e) Statistical analysis
We performed all analyses using R v. 3.5 [42] . We analysed data from the susceptibility experiment with three models ( probability of infection, spore load and survival). To determine whether N. ceranae-inoculated bees were more likely to be infected, we used a generalized linear mixed model (glmer; lme4 v. 1.1-18) [43] with a binomial distribution (logistic regression). The response variable was the proportion of T. hockingsi that had N. ceranae spores present within their intestinal tract at death (n = 714 bees). Inoculation status and hive were fixed effects and cage was a random effect. We could not test the interaction between hive and treatment due to singularities (some hives did not have bees with spores in the sham-inoculated treatment). To determine whether spore load varied with days post-inoculation, we ran a generalized linear mixed model with a Poisson error distribution on bees with spore counts greater than zero with treatment, day post-inoculation at time of death, hive and all possible interactions as fixed effects, and cage and observation number (to eliminate overdispersion) as random effects. We removed the three-way interaction and the interaction between day post-inoculation and hive because doing so lowered the AIC. For both of these models, we tested the proportion of variance explained by fixed and random effects using 'piecewiseSEM' v. 2.0.2) to generate the marginal and conditional R 2 [44, 45] .
To investigate whether N. ceranae infection decreases longevity of T. hockingsi, we compared survival between the N. ceranae and sham-inoculated groups (n = 357 per group). We excluded bees that died within the first 24 h post-infection because these were likely to be due to handling effects [46] . We included bees that escaped during the experiment in the survival analysis as 'censored'; this allowed them to be taken into account up to the point of escape. We initially ran a mixed-effects Cox model (coxme) [47] that included treatment, hive and their interaction as fixed effects and cage as a random effect, but removing the interaction improved the model (lower AIC). For bees that were infected upon death (spore count greater than 0), we initially tested the
during the survey varied, we used a generalized linear model with a negative binomial error distribution. The total number of N. ceranae spores detected monthly for each hive (n = 6 hives per month) was the response variable and explanatory variables were month and hive. In our floral transmission experiment, we encountered 'complete separation' (all of our positive values were only in one treatment group). We therefore tested whether stingless bee infection was dependent on treatment with a Bayesian analysis with non-informative priors using 'bglmer' from the blme package [48, 49] . We checked for overdispersion in Poisson and negative binomial models, and produced diagnostic plots, including residuals versus leverage (Cook's distance), residuals versus fitted and scale−location, using plot(lm) [42] to confirm that there were no outlying data points affecting the models.
Results (a) Susceptibility to infection and effects on longevity
Over the course of the 26-day experiment, 240 of 357 (67.2%) N. ceranae-inoculated T. hockingsi had detectable numbers of N. ceranae spores in their digestive tract compared to 11 of 357 (3.08%) sham-inoculated T. hockingsi (Z = 12.412; p < 0.001), indicating that individual T. hockingsi are susceptible to N. ceranae infection. Of the 11 sham-inoculated T. hockingsi that were infected, seven came from the same hive, but had been distributed across four different cages, and the remaining four came from two different hives and had been distributed across three different cages. Nosema ceranae inoculation accounted for 50.0% of the variation in the proportion of T. hockingsi that had N. ceranae spores present within their intestinal tract at death (marginal R 2 = 0.500); little additional variation was accounted for by the random effect of cage (conditional R 2 = 0.508). Among bees that had spores, spore loads slightly increased for the N. ceranae-inoculated bees and decreased for the sham-inoculated bees that had spores with day post-inoculation (table 1 and figure 1; electronic  supplementary material, table S3 ). The treatment effect on spore load also varied significantly by hive (table 1) . Fixed effects explained 55.6% (marginal R 2 = 0.556) of the variation in spore load; including the random effect of cage increased the explained variation to 77.8 (conditional R 2 = 0.778).
Treatment and hive were significant predictors of survival (table 1 and figure 2) . Across all hives, N. ceranae-inoculated bees died at about three times the rate of non-inoculated bees (hazard ratio = 2.96, 95% CI = 2.64-3.33). All N. ceranaeinoculated stingless bees died within 9 days of inoculation, whereas the longest-lived sham-inoculated bee survived for 26 days post-inoculation (figure 2). Spore load was not a significant predictor of survival among bees that had spores in their gut upon death (table 1) . NanoDrop values for the quantity and purity of DNA were within the recommended range in all cases. PCR analysis confirmed the spores were N. ceranae and corresponded with the light microscopy results in all cases.
(b) Prevalence of Nosema ceranae spores in wild populations of Tetragonula hockingsi
Our survey results reveal that N. ceranae was present in five out of six sampled colonies during one or more months ( figure 3 ).
Over the period of the survey, the total number of spores detected monthly declined significantly from April to August, with August having the lowest overall count (table 1 and figure 3) . From June to August, when the 90 collected T. hockingsi were individually tested, 11, 4 and 2 bees, respectively, had N. ceranae spores present (electronic supplementary material, table S4).
(c) Transmission of Nosema ceranae via flowers
Nine of the 15 inflorescences exposed to infected A. mellifera had N. ceranae spores on them. Spore counts on these inflorescences ranged from 8.5 × 10 4 to 4.6 × 10 5 spores (figure 4).
In all nine of those cages, there was at least one T. hockingsi with N. ceranae spores in its gut, whereas neither inflorescences nor T. hockingsi from the cages that were not exposed to infected A. mellifera had any detectable spores (table 1 and 
Discussion
To the best of our knowledge, our findings are the first report of pathogen spillover from A. mellifera to an Australian stingless bee species. Although other studies have reported the presence of honeybee diseases in stingless bees, none of them attempted to test whether the pathogens identified were detrimental to the bees, nor did they evaluate possible transmission mechanisms [15, 16, 35] . We found that under laboratory conditions, inoculation with N. ceranae reduces T. hockingsi longevity. Additionally, we demonstrated that wild populations of T. hockingsi harbour N. ceranae and that flowers are an effective means of transmission of N. ceranae spores between A. mellifera and T. hockingsi. The greatly reduced life expectancy among experimentally infected T. hockingsi suggests N. ceranae may be a highly virulent parasite in T. hockingsi [50] . In our susceptibility experiment, N. ceranae-inoculated bees died three times as fast as sham-inoculated bees and were all dead within 9 days of inoculation. An important caveat to our study is that we demonstrated decreased longevity in a laboratory setting, depriving the bees of access to honey, pollen and propolis in their hive, which would have provided additional nutrition and possibly antimicrobial defence. [32, [51] [52] [53] . It may be that in the wild T. hockingsi can harbour N. ceranae but not suffer adverse effects because of their access to propolis or other high-quality food, as has been observed for N. ceranae-infected A. cerana and A. mellifera [38, 54] . The lack of mortality for up to 8 days following infection in our floral transmission experiment further suggests that there may be environmental factors that temper N. ceranae virulence. Spores on flowers may encounter conditions that diminish their eventual ability to germinate in the bee gut. Under laboratory conditions, N. ceranae spores lose viability over a period of months [25] , but it is unknown how exposure to sunlight, floral chemistry and the floral microbiome may affect N. ceranae spore viability. Floral morphology and nectar chemistry affect transmission and persistence of Crithidia bombi among B. impatiens [55] [56] [57] , and the possibility of similar effects on N. ceranae is worth investigation. Alternatively, or in addition, hive health may play a role. All of the T. hockingsi we used in the transmission experiment came from the one hive (KOA1) in which we never detected N. ceranae during our survey, so as to minimize the risk of using bees that were already infected. Our survey and transmission experiment mortality results together suggest that workers in this hive may be less susceptible to N. ceranae infection. However, we did not observe a reduced mortality rate for N. ceranaeinoculated workers from this hive in the susceptibility experiment, which suggests that where and how exposure occurs may affect ultimate virulence.
Though N. ceranae may be virulent, our laboratory and survey results suggest it may have low infectivity in, and transmissibility among, T. hockingsi. In the laboratory experiment, a third of bees provided sucrose with N. ceranae spores did not have spores in their guts when they died. It is possible that these bees did not feed on the spore-laden sucrose and therefore had no opportunity for direct infection. Even so, they occurred in the same cages as infected bees, indicating limited transmission among the bees. Similarly, the 11 infected bees in the control group were distributed among seven cages. At most, 20% of the bees in a single control cage were infected. Our survey data, though limited, revealed a low natural prevalence of N. ceranae, with at most 20% of the 15 captured bees from a single hive each month having N. ceranae present, despite spore counts within the range of dead inoculated bees in the laboratory experiment. We did not formally assess colony vigour during our survey, but our casual observations while collecting bees revealed no changes in hive health. In the hive, stingless bees maintain a latrine and eventually remove the waste as pellets with their mandibles, unlike A. mellifera, which does not defecate in the hive [33] . Keeping faecal matter in the hive and handling it during removal would, in theory, increase opportunity for transmission, unless spores became non-viable in the latrine conditions. Trophallaxis might also be a means of spreading spores around the hive. We did not observe a build-up of faecal matter in the cages (perhaps because of the lack of solid food) and the bees would have had little reason to trophallax when food was provided ad libitum, so there may have been limited opportunity for infection to spread in our experiment if viable spores were being produced by infected bees. Very high virulence, such that bees die before they shed viable spores, could also explain low transmission within the cages and low prevalence in field hives. Vespula germanica (German wasps) that become infected with N. apis die from the infection before the parasite is able to complete its life cycle [23] . Parasites typically trade-off virulence and transmission [6] , and we could expect that a parasite in a novel host would not have evolved to have lower virulence [58] . If within-hive transmission was high (and virulence low), we would have expected higher prevalence and a possible increase in prevalence over time, effects of propolis and season notwithstanding. The lack of transmission cannot be attributed to royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191071
propolis in the hives, considering the similarly low transmission rate in the laboratory. Though N. ceranae may have limited infectivity among T. hockingsi, our results show high transmissibility from A. mellifera via flowers. To the best of our knowledge, ours is the first study to experimentally demonstrate pathogen transmission to stingless bees via flowers. Transmission of pathogens via the shared use of flowers has been demonstrated in several studies of bumblebees [21, 22, 55, 56] as well as honeybees [22] . However, whether the transmitted pathogens can become detrimental to their novel hosts has not been extensively studied. Research that builds on recent work demonstrating variation in pathogen deposition, persistence and transmission among flower parts and species [55, 56] , as well as the role of pollen and nectar as antimicrobial defences (e.g. [38, 57] ), will be particularly useful in ascertaining and mitigating the threat of pathogens to managed and wild bees.
Our survival analysis and comparison of spore counts in T. hockingsi across our three datasets indicate that spore load alone is not a reliable predictor of mortality. Bees that we inoculated with spores were all dead within 9 days, and had spore counts ranging from 7.5 × 10 3 to 5.8 × 10 4 upon death, which were similar to spore counts we observed in sacrificed bees in the field (2. ). In A. mellifera, spore load is also not a strong predictor of infection or mortality [59] . Infected A. mellifera that consume high-quality pollen have increased spore loads as well as increased longevity [38] . Figure 3 . Mean number of N. ceranae spores ± s.d. × 10 3 from 15 T. hockingsi collected monthly from six different hives located across the study area (Cairns region, Queensland, Australia). Nosema ceranae was present in five out of six sampled colonies during one or more months. For April and May, the total number of spores in the combined 15-bee sample was divided by 15 to achieve the mean count, hence no standard deviations are shown for those months. For all other months, the means were calculated from 15 individual bees per hive.
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Nutritional status of the host, the presence of other stressors, host age and immune response, as well as spore viability and haplotype, may be among the many factors moderating the relationship between spore load and virulence for any host [25] .
Our field survey revealed a pattern of reduced spore load coincident with the onset of drier weather. Rainfall records from a local weather station indicate 155 and 178 mm fell in April and May, respectively, whereas 68, 83 and 41 mm fell in June, July and August, respectively [60] . Wetter weather may curtail foraging, thereby increasing social contact within the hive and reducing food availability. In managed A. mellifera hives in the region, N. ceranae does not show any seasonal prevalence patterns (L.L. 2016, unpublished data). Nosema ceranae is likely to be present in most, if not all, of the geographical range of T. hockingsi [61] . Further surveys over a longer time frame and a greater geographical area would be helpful in determining how much prevalence is influenced by environmental conditions or other factors.
Our results add to those of other studies that demonstrate the threat of pathogens from managed bees to wild bee populations [14, 19, 28, 62] . Stingless bees should be a high priority group for further elucidating the threats posed by emergent diseases and their possible mitigation given the bees' importance as pollinators, broad geographical overlap with A. mellifera, harbouring of A. mellifera viruses [15, 16] and now demonstrated susceptibility to N. ceranae. Decreased longevity is only part of the risk; N. ceranae induces behavioural changes in A. mellifera [25] and reduces learning in B. terrestris [63] . Reducing risk of pathogen transmission from managed to wild bees presents multiple challenges and must involve the beekeeping community for any real change to occur [28] . Development of rapid effective diagnostic tools and reliable means of preventing and treating infection will be important advances. Our results should provide further incentive for elucidating the effect of bee pathogens within the broader ecological community and for overcoming some of these challenges. Figure 4 . Number of N. ceranae spores on inflorescences and in the five sacrificed T. hockingsi from each of the 15 cages exposed to N. ceranae infected A. mellifera. All cages containing inflorescences in which N. ceranae spores were detected yielded infected T. hockingsi. None of the cages (n = 15) that were not exposed to infected A. mellifera had N. ceranae spores on their inflorescences or in any of the T. hockingsi.
